Background. The reentry circuit of atrioventricular nodal reentrant tachycardia (AVNRT) has not been fully demonstrated. We hypothesized that if an upper common pathway was present, the atrial electrogram could not be captured orthodromically during transient entrainment of AVNRT by rapid atrial pacing. Based on this hypothesis, the presence of an upper common pathway was investigated.
In the majority of patients with atrioventricular nodal reentrant tachycardia (AVNRT) refractory to drug therapy, tachycardias are eliminated after catheter or surgical ablation.1-9 However, recurrence of tachycardias or inadvertent complete heart blocks have occurred in certain cases. Incomplete demonstration of the reentry circuit of AVNRT is one possible reason for unsuccessful ablation procedures, and better identification of the reentry circuit will make them safer and more effective. It is particularly unclear whether the reentry circuit is confined to the atrioventricular node10"' or involves perinodal atrial tissue. 1, 2, 12, 13 Transient entrainment has been observed in various types of reentrant tachycardia, and greater understanding of the electrophysiological properties of reentry circuits has been achieved. [14] [15] [16] [17] [18] [19] [20] [21] [22] However, reports on transient entrainment and interruption of AVNRT have been limited. '9'20 We hypothesized that if an upper common pathway was present between the reentry circuit confined to the atrioventricular node and the atrium, the atrial electrogram could not be captured orthodromically during transient entrainment by rapid atrial pacing. Based on this hypothesis, we examined the role of perinodal atrial tissue in AVNRT by examining for orthodromic capture of the atrial electrogram during transient entrainment by atrial pacing, and the importance of the pacing site and paced cycle length in transient entrainment of AVNRT was also discussed.
Methods

Patients
Nine patients with AVNRT diagnosed on the basis of electrophysiological studies were included in this study. None of the patients had primary heart disease. AVNRT was diagnosed in accordance with the following criteria: (1) tachycardia was induced after achievement of a critical delay in the AH interval, (2) atrial activation during tachycardia occurred before or simultaneous with ventricular activation, (3) premature ventricular stimulation introduced during the absolute refractory period of the His bundle did not advance the subsequent atrial electrogram.4 For the purposes of this study, 2 
Induction ofAVNRT
After informed consent was obtained, electrophysiological studies were performed in the postabsorptive and nonsedated state. All cardioactive drugs were discontinued for at least five elimination half-lives. Quadripolar electrode catheters were introduced transvenously and positioned against the high right atrium, the right ventricular apex, and into the coronary sinus. Pacing and recording were performed from the distal and proximal pair of electrodes, respectively. A tripolar electrode catheter was used for His bundle recording and was carefully positioned to observe the local atrial electrogram clearly. Standardized programmed electrical stimuli were applied from the atrium and ventricle by means of a cardiac stimulator that delivered rectangular pulses of 2-millisecond duration at twice diastolic threshold (Cardiac Stimulator BC-02, Fukuda Denshi). Incremental atrial and ventricular pacing was also performed. Isoproterenol was administered to maintain the sinus rate 20% higher than the baseline if sustained tachycardia was not induced during the baseline study. The cycle length of the induced AVNRT and intracardiac intervals were measured upon initiation of rapid deflection of the intracardiac electrograms. Surface ECG leads I, II, and V1 were also recorded simultaneously with the intracardiac electrograms at a paper speed of 100 mm/s (Mingograf 82, Siemens-Elema).
Identification of the Atrial Electrogram at the Recording Site of the His Bundle Potential
The atrial electrogram at the recording site of the His bundle potential was identified according to the following criteria (Fig 1) : (1) atrial electrograms at the recording site of the His bundle potential occurred before the onset of the QRS on the surface ECG, (2) the His-atrial electrogram interval during AVNRT was shorter than the HV interval during normal sinus rhythm, and (3) the atrial electrogram could be differentiated from the ventricular electrogram by introducing programmed ventricular stimulation during AVNRT.
Orthodromic Atrial Capture During Transient Entrainment ofAVNRT by Atrial Pacing
To entrain AVNRT transiently, rapid atrial pacing was applied at a cycle length 10 milliseconds shorter than that of AVNRT and repeated after a decrement of the paced cycle length in 5-millisecond steps until AVNRT was interrupted. Stimulation sites were the high right atrium and coronary sinus. After confirmation that the His bundle potential and the ventricular electrogram were entrained by rapid atrial pacing, ie, the cycle length of the His bundle and the ventricular electrogram were the same as that of atrial pacing, rapid pacing was stopped. When the first postpacing interval was the same as the paced cycle length, the atrial electrogram at the recording site of the His bundle potential was considered to be captured orthodromically. [14] [15] [16] [17] Results
Induction ofAVNRT
The electrophysiological characteristics of the 9 patients are summarized in Table 1 . A discontinuous atrioventricular conduction curve was present in 8 patients. AVNRT was induced in 9 patients, including 5 patients after isoproterenol. The mean cycle length of induced AVNRT was 347 milliseconds. Changes in intrinsic cycle length of induced AVNRT were less than 5 milliseconds in all 9 patients. Activation of the atrial electrogram at the recording site of the His bundle potential preceded the onset of the QRS on the surface ECG by an average of 7 milliseconds.
Transient Entrainment by High Right Atrial Pacing
Rapid pacing from the high right atrium during AVNRT was performed in 4 patients. During transient entrainment by high right atrial pacing at a cycle length 10 milliseconds shorter than that of AVNRT, the first postpacing interval of the atrial electrogram at the recording site of the His bundle potential was longer than that of the paced cycle length in 4 patients (Table  2) , and no orthodromic capture of the atrial electrogram at the recording site of the His bundle potential was observed in any of these patients.
Transient Entrainment by Coronary Sinus Pacing
Rapid atrial pacing from the coronary sinus during AVNRT was performed in 7 of the 9 patients. Rapid atrial pacing from the coronary sinus at a cycle length 10 milliseconds shorter than that of AVNRT interrupted AVNRT in 2 patients. In the other 5 patients, AVNRT was transiently entrained. In these 5 patients, the first postpacing interval of the atrial electrogram at the recording site of the His bundle potential was the same as the paced cycle length, and the morphology of the atrial electrogram was similar to its morphology during AVNRT (Figs 2 and 3 ). The mean cycle length of AVNRT in these 5 patients was 365 milliseconds. During transient entrainment at a cycle length 10 milliseconds shorter than that of AVNRT, the interval from stimulus artifact to the atrial electrogram at the recording site of the His bundle potential was 385 milliseconds in average. The mean minimum paced cycle length capable of orthodromic atrial capture was 349 milliseconds, and the interval from stimulus artifact to the atrial electrogram at the recording site of the His bundle potential was slightly prolonged to 388 milliseconds. The mean difference between the minimum paced cycle length capable of orthodromic atrial capture and that of AVNRT was only 16 milliseconds.
The atrial electrogram at the recording site of the His bundle potential was captured antidromically during transient entrainment at a shorter paced cycle length in 4 of the patients, and a morphological change in the atrial electrogram was evident in these 4 patients (Fig 2,  middle) . In the remaining 1 patient, the atrial electrogram was not captured antidromically during transient entrainment (patient 5). The mean maximum paced cycle length interrupting AVNRT in 5 patients was 329 milliseconds, and the interval from stimulus artifact to the atrial electrogram at the recording site of the His bundle potential captured antidromically was 45 milliseconds in average. 
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AVNRT CL indicates cycle length of atrioventricular nodal reentrant tachycardia; QRS-A, interval from the onset of QRS to the atrial electrogram; Paced CL, atrial paced cycle length; FPI, first postpacing interval of the atrial electrogram; S-His, interval from stimulus artifact to the His bundle potential; S-A (Orth), interval from stimulus artifact to the atrial electrogram captured orthodromically; and S-A (Anti), interval from stimulus artifact to the atrial electrogram captured antidromically.
Discussion
Schematic Representation of Orthodromic Atrial Capture
During transient entrainment of AVNRT by coronary sinus pacing at relatively long cycle lengths, the first postpacing interval of the atrial electrogram at the recording site of the His bundle potential was the same as the paced cycle length, and atrial electrogram morphology was similar to its morphology during AVNRT, which means that the atrial electrogram at the recording site of the His bundle potential was captured in the same direction as during spontaneous tachycardia, ie, orthodromically. [14] [15] [16] [17] 22 Fig 4, orthodromic conduction time from the pacing site to the exit to the atrium through the reentry circuit, which was considered to be the recording site of the His bundle potential in this study, is calculated as Y+CL+ACL-X where Y equals conduction time from the pacing site to the entrance of the reentry circuit, CL equals cycle length of AVNRT, ACL equals prolonged conduction time in the reentry circuit during transient entrainment by rapid atrial pacing, and X equals conduction time from the exit to the entrance of the reentry circuit. Antidromic conduction time from the pacing site to the exit of the reentry circuit is represented as Z.
When the atrial electrogram recorded at the exit of the reentry circuit is captured orthodromically during transient entrainment by atrial pacing, orthodromic conduction time to the exit through the reentry circuit must be shorter than antidromic conduction time plus paced cycle length. This assumption is expressed as (1) Y+CL+ACL-X<PCL+Z where PCL equals atrial paced cycle length during transient entrainment. Formula 1 is developed as (2) CL-PCL<(Z-Y)+X-ACL To entrain tachycardia, the paced cycle length (PCL) should be shorter than the cycle length of AVNRT (CL). Therefore, it is a prerequisite for orthodromic capture of the atrial electrogram that the value of (Z-Y)+X-ACL is >0. If AVNRT with a cycle length of 355 milliseconds is entrained transiently by atrial pacing from the coronary sinus at a paced cycle length of 340 milliseconds. The morphology of the bipolar atrial electrogram (A) at the recording site of the His bundle potential is similar to that during spontaneous tachycardia, and the first postpacing interval is 340 milliseconds (arrow), which means that the atrial electrogram is captured orthodromically (top). During atrial pacing at a cycle length of 320 milliseconds, a morphological change in the atrial electrogram is observed, and the first postpacing interval is 335 milliseconds (arrow), which is greater than the paced cycle length (middle). These findings mean that the atrial electrogram is captured antidromically. Atrial pacing at a cycle length of 300 milliseconds interrupts AVNRT (bottom 1000ms present between the atrial tissue and the reentry circuit confined to the atrioventricular node, the values of (Z-Y) and X are both assumed to be 0, and the value of (Z-Y)+X-ACL is <O. If an upper common pathway is present, no atrial electrogram is captured orthodromically during transient entrainment by atrial pacing. Therefore, AVNRT with an atrial electrogram captured orthodromically by coronary sinus pacing rules out the presence of an upper common pathway, and the reentry circuit includes a functionally multiple insertion site for propagation of atrial impulses. Transient entrainment at shorter paced cycle lengths was associated with a morphological change in the atrial electrogram and the first postpacing interval longer than the paced cycle length, which means that the atrial electrogram was captured from a different direction, ie, antidromically.22 When the atrial electrogram is captured antidromically during transient entrainment by coronary sinus pacing, antidromic conduction time plus the paced cycle length must be shorter than orthodromic conduction time.14-17 This is expressed as (3) PCL+Z<Y+CL+ACL-X Formula 3 is developed as (4) PCL<Y+CL+ACL-X-Z The first postpacing interval of the atrial electrogram captured antidromically is expressed as Y+CL+ACL-X-Z which is longer than the paced cycle length (PCL).
Significance of Coronary Sinus Pacing in Orthodromic Atrial Capture
In this study, pacing from the high right atrium failed to demonstrate orthodromic capture of the atrial elec- trogram at the recording site of the His bundle potential, and coronary sinus pacing at the same cycle length as in the high right atrium entrained it orthodromically. The significance of the pacing site in demonstrating transient entrainment has been emphasized in previous studies.15,18 In Formula 2, the value of (Z-Y) is determined by the pacing site, and pacing from the optimal site that results in a greater value of (Z-Y) can lead to demonstration of orthodromic capture of the atrial electrogram during transient entrainment. Recently, selective ablation of the slow pathway by radiofrequency applications at the posterior aspect of the tricuspid annulus in close proximity to the coronary sinus ostium has become possible. On the other hand, the fast pathway is frequently ablated by applications at the anterior aspect of the tricuspid annulus near the recording site of the His bundle potential.1'2'5 Atrial pacing from the coronary sinus relatively close to the slow pathway or its atrial insertion site results in a greater (Z-Y) value in Formula 2 and can demonstrate orthodromic capture of the atrial electrogram at the recording site of the His bundle potential.
In contrast, the high right atrium is relatively close to the fast pathway, and the value of (Z-Y) is <0. Consequently, no orthodromic capture of the atrial electrogram was observed during transient entrainment by pacing from the high right atrium.
Importance of Paced Cycle Length in Orthodromic Atrial Capture
The importance of the paced cycle length in demonstration of transient entrainment of reentrant tachycardia via an accessory pathway has been reported.21 In our study, coronary sinus pacing at relatively long cycle lengths, only an average of 16 milliseconds shorter than that of AVNRT, was capable of demonstrating orthodromic capture of the atrial electrogram at the recording site of the His bundle potential. AVNRT in this study had a stable cycle length and resumed at its intrinsic cycle length upon cessation of coronary sinus pacing, which means that coronary sinus pacing at a slightly shorter cycle length than that of AVNRT certainly entrained the tachycardia. The minimum paced cycle length capable of orthodromic capture of the atrial electrogram is determined by the value of (Z-Y)+X-ACCL in Formula 2. The greater the value of (Z-Y)+X-ACL, the shorter the cycle length of atrial pacing capable of orthodromic capture of the atrial electrogram becomes. Both X and (Z-Y) in Formula 2 are assumed to be small because of the small size of the reentry circuit of AVNRT.1-9 Furthermore, the atrioventricular node has the property of decremental conduction, and conduction delay within the reentry circuit, which is represented by ACL in Formula 2, occurs during transient entrainment by atrial pacing. Increased ACL caused by rapid atrial pacing leads to decreases in the value of (Z-Y)+X-ACL and predisposes to difficult observation of orthodromic atrial capture. The atrial electrogram is considered to be captured orthodromically by minimizing the conduction delay in the reentry circuit by pacing at relatively long cycle lengths. Clinical Implications Orthodromic capture of the atrial electrogram during transient entrainment by coronary sinus pacing rules out the presence of an upper common pathway between atrial tissue and the reentry circuit confined to the atrioventricular node and supports the concept that the reentry circuit of AVNRT includes perinodal atrial tissue.1'2'12 When the reentry circuit includes perinodal atrial tissue, the exit of the reentry circuit to atrium is located away from the entrance, and orthodromic capture of the atrial electrogram during transient entrainment can be observed. 
Study Limitations
First, orthodromic capture of the atrial electrogram at the recording site of the His bundle potential was observed in 5 cases, and study of a large population is necessary to confirm our findings. In the remaining 4 patients, orthodromic capture of the atrial electrogram was not demonstrated. Two of the 4 patients were examined by pacing only from the high right atrium. Orthodromic capture of the atrial electrogram at the recording site of the His bundle potential can be observed by pacing from the coronary sinus. In two patients whose AVNRT was interrupted by coronary sinus pacing at a cycle length 10 milliseconds shorter than that of AVNRT, the atrial electrogram could be captured orthodromically by using longer paced cycle lengths to entrain AVNRT.21 Second, the value of Y and X in Fig 4 could not be measured directly because of failure to identify the entrance. The entrance is precisely localized by detailed mapping of retrograde atrial activation via the slow pathway during ventricular pacing or of an unusual type of AVNRT. However, localization was impossible in this study because of concealment by retrograde conduction over the fast pathway during ventricular pacing and because of failure to induce an unusual type of AVNRT. Third, our findings do not completely rule out the possibility of confinement of the reentry circuit to the atrioventricular node. If a reentry circuit confined to the atrioventricular node has multiple pathways to the atrium, orthodromic capture of the atrial electrogram can be observed during transient entrainment.
Conclusions
In AVNRT, orthodromic capture of the atrial electrogram at the recording site of the His bundle potential was observed during transient entrainment by coronary sinus pacing at a cycle length slightly shorter than that of AVNRT. Orthodromic capture of the atrial electrogram only at relatively long paced cycle lengths results from both the small size of the reentry circuit of AVNRT and the prolonged conduction time in the reentry circuit during transient entrainment. Our findings mean that the reentry circuit of AVNRT involves both the entrance and the exit to the atrium. The existence of a single upper common pathway was ruled out, and the concept that perinodal atrial tissue is involved in the reentry circuit was supported.
